Parvovirus B19 is the only parvovirus known to be pathogenic in humans. Besides fifth disease (erythema infectiosum), common during childhood, it can cause acute and persistent arthritis in adults (1, 24) , aplastic crisis in patients suffering from chronic hemolytic anemia (23) , or hydrops fetalis after transplacental infection during pregnancy (6) . It shows an extreme host and cell tropism and can induce productive infections only in human erythroid progenitor cells. Several reasons for this tropism have been discussed, yet its basis remains unclear. The viral receptor, the blood group antigen P, or globoside (5) , is present on the surface of both erythroid cells and a variety of lymphoid and endothelial cells. In the latter, however, the virus is unable to replicate. The viral genome contains two promoter-like elements (3, 8, 9) , of which only the one at map unit 6 proved to be functionally active in both permissive and nonpermissive cells (4, 15, 20) . The p6 promoter was shown to confer autonomous replication competence and erythroid-cell specificity to adeno-associated virus 2 (32) . It is transactivated by the nonstructural protein NS1 (9) , which probably exerts its action in interplay with cellular factors, as has been shown for the NS1 protein of the murine parvovirus minute virus of mice (MVM) (13) . Thus, cell specificity may at least in part be due to promoter strength influenced by cell-specific and cell cycle-specific factors in combination with the viral NS1 protein. Two polyadenylation sites located in the center and at the end of the genome, in combination with alternative splicing events, are responsible for the production of a total of nine viral transcripts, seven of which are used as mRNAs (21) . Both processes may be regulated and influenced by cell-specific factors. In nonpermissive cells, a shift towards the production of functional transcripts from the 3Ј half of the genome is obvious, resulting in NS1-specific mRNAs. This probably leads to the accumulation of the cytotoxic NS1 protein and to cell death (16, 22) . Furthermore, virus replication was shown to be dependent on dividing cells and S-phase-specific host factors (33) . However, it must be supposed that none of these reasons alone may account for the cell specificity of viral replication.
In the work presented here, the functionally cis-active elements of the p6 promoter were characterized in diverse cell types. p6 promoter regions derived from 11 different virus isolates were amplified by nested PCR, and the nucleotide sequences were determined. The promoter sequences were integrated into a vector system using firefly luciferase as a reporter. After transfection, transcriptional activity was analyzed by measuring the amount of reporter protein in four cell lines, namely, HeLa (epithelial cells), BJAB (Epstein-Barr virus [EBV]-negative B cells), CEM (CD4-positive T cells), and K562 (erythroleukemic cells). By using different sets of primers and PCR, promoter fragments truncated from both directions and mutations in individual potential binding sites were created and used to control the expression of the luciferase reporter in the four cell lines. To characterize the p6 promoter domains which are responsive to transactivation by the viral NS1 protein, the various promoter-luciferase constructs were introduced into HeLa cells stably carrying the NS1 gene under the control of an inducible promoter. These experiments allowed fine-mapping of the p6 promoter of parvovirus B19 and the characterization of cis-acting elements influenced by cellspecific factors in combination with the NS1 protein.
MATERIALS AND METHODS
Patients' sera, nested PCR, and DNA sequencing. Patients' sera were supplied by the Institute for Medical Microbiology and Hygiene, University of Regensburg, Regensburg, Germany; the Institute for Virology, University of Vienna, Vienna, Austria; the Max-von-Pettenkofer Institute, Ludwig-Maximilians University, Munich, Germany; the Rheumaklinik at Olsberg, Olsberg, Germany; and the Institute for Clinical Virology and Immunology, St. Gallen, Switzerland. To amplify the B19 virus promoter regions even from sera with a low virus load, a sensitive nested-PCR technique was applied as described by Hemauer and coworkers (11) . The two forward primers are homologous to positions 195 to 212 (outer forward primer) and 221 to 237 (inner forward primer) of the pVD6 sequence published by Deiss et al. (7) . The backward primers are homologous to positions 494 to 475 (inner backward primer) and 532 to 509 (outer backward primer) of the pYT103 sequence published by Shade et al. (27) .
The PCR products were sequenced by using a cycle-sequencing technique and a 373A Sequencer (Applied Biosystems, Weiterstadt, Germany). Only sequences which proved identical in two independent amplifications were considered to be valid.
Cell lines. All cells were grown in media containing 10% fetal calf serum. HeLa cells were grown in Dulbecco's modified Eagle's medium with 0.11 g of sodium pyruvate per liter and 2 mM glutamine, with 100 U of penicillin per ml and 100 g of streptomycin per ml. For growth of cell line HeLa/NS-21, which contained the episomal vector pGRE5-2/EBV-NS, and of cell line HeLa/pGRE, which carried the vector pGRE, 300 g of hygromycin B per ml was added to select for cells containing the episomal vector (14) . BJAB, CEM, and K562 cells were grown in Dulbecco's RPMI 1640 with penicillin (100 U/ml) and streptomycin (100 g/ml) or 100 g of kanamycin per ml.
Construction of the B19 virus promoter-luciferase expression plasmids. Promoter fragments and mutants (see Fig. 2 and 3) were created by PCR amplification of the respective segments, with plasmid pJB (kindly provided by J. P. Clewley, London, United Kingdom), which contains almost the complete parvovirus B19 genome, as template DNA. The primers were synthesized on an Expedite solid-phase synthesis system (Millipore, Eschborn, Germany). NheI and HindIII restriction sites were inserted at the ends of the PCR primers and used to clone the constructs into the respective sites of the luciferase vector pGL-3 Basic (Promega Corporation, Madison, Wis.). The smallest fragment, p4/2 (see Fig. 2 ), was represented by an oligonucleotide whose complementary strands were also synthesized by the solid-phase method, phosphorylated, annealed, and inserted into the vector via NheI and HindIII restriction sites. Mutations were inserted into the promoter sequences by an overlap extension technique described previously (12) . As a control, the vector pGL-3 Control (also purchased from Promega), which carries the luciferase gene under control of the simian virus 40 (SV40) promoter-enhancer, was used.
DNA transfection and luciferase assay. To analyze the luciferase activities with the Dual Luciferase System (Promega), production of a second type of luciferase derived from the marine coelenterate Renilla reniformis was achieved via the vector pRL-CMV (also purchased from Promega), which was cotransfected into the cells with the promoter constructs and used as an internal reference. HeLa/ NS-21 cells were stably transfected with the expression vector pGRE5-2/EBV-NS, which carried the NS1 gene under the control of a dexamethasone-inducible glucocorticoid response element in five copies (14) . HeLa/pGRE cells contained the same vector without the sequences encoding the NS1 gene (18) . For determination of luciferase activity, all tests were performed in triplicate. Approximately 3 ϫ 10 5 HeLa cells cultivated in six-well plates were transfected with the various vector constructs by the calcium phosphate method as described previously (2) . HeLa/NS-21 and HeLa/pGRE cells were induced by addition of 10
Ϫ6
M dexamethasone (Sigma-Aldrich, Steinheim, Germany) 1 day prior to transfection. HeLa cells were cotransfected with 0.5 g of the respective promoterluciferase constructs and 0.1 g of pRL-CMV, each time in duplicate. When the various vector constructs were introduced into CEM, BJAB, or K562 cells, 10 7 cells were suspended in phosphate-buffered saline. The plasmids were introduced by electroporation, applying a current of 240 V and an electric field of 1,050 F with an EasyJect Plus electroporator (Eurogentec, Seraing, Belgium). BJAB and K562 cells were transfected with 5 g of promoter-luciferase constructs in combination with 1 g of pRL-CMV, and CEM cells were transfected with 10 g of the constructs and 2 g of pRL-CMV. Two days after transfection, cells were harvested, washed in phosphate-buffered saline without Ca 2ϩ and Mg 2ϩ ions, and lysed in 100 l of passive lysis buffer supplied by the manufacturer (Promega). Samples were rocked for 20 min at room temperature and freeze-thawed once in liquid nitrogen. A 20-l sample of the lysate was used for analysis of the luciferase activity according to the instructions of the manufacturer (Promega) with a luminometer (Lumat LB9501; EGϩG Berthold, Munich, Germany). This assay takes advantage of the successive determination of the amounts of two coexpressed luciferase enzymes: one is the luciferase of the firefly Photinus pyralis, used as the reporter protein, and the other (applied as an internal reference) is derived from the marine coelenterate R. reniformis and uses a different substrate.
Nucleotide sequence accession numbers. The nucleotide sequence data from this study have been deposited with the EMBL database under accession no. Z95625 to Z95635.
RESULTS

Determination of promoter sequences of B19 virus isolates.
In order to test if variants of the p6 promoter sequences of virus isolated from patients with different B19 virus-associated diseases correlate with specific clinical manifestations, we determined the amount of sequence variability in the corresponding regions of the virus genome. Therefore, the p6 promoter domains of several B19 virus isolates were amplified from patients' sera by nested PCR and subjected to DNA sequencing. Table 1 shows the clinical manifestations of the patients from whom the sera were obtained and the degree of variability observed. The promoter region of all sequenced isolates turned out to be highly conserved compared to the previously published B19 virus sequences (7, 27) , with a degree of variability below 0.8%. Isolate S724 showed the insertion of an additional thymidine between nucleotides (nt) 210 and 211 ( Fig. 1) . In five of the sequenced isolates (5, A, V6, S758, and SP [ Table 1 ]), the thymidine at position 223 was replaced by a guanosine. All of the patients from whom the virus isolates with differences in the p6 promoter sequence were obtained (S724, 5, A, V6, S758, and SP) suffered from long-lasting B19 virus-associated arthritis or chronic B19 virus infections of the hematopoietic system. Both clinical symptoms can be associated with persistent B19 virus infections (30, 31) .
The promoter sequences were analyzed for the presence of DNA elements known to interact with cellular transcription factors by using the program TFSEARCH 1.3 (Y. Akiyama, on-line at http//:www.genome.ad.jp/SIT/TFSEARCH.html), which recruits the TRANSFAC-MATRIX TABLE database 2.5 (32a). Various elements could be identified; however, none a Sera from patients with B19 virus infection were used for determination of the sequence of the p6 promoter to examine whether there was a correlation with the respective clinical manifestations and variability in the p6 promoter sequence. The sequences were compared to those published by Deiss et al. (7) and Shade et al. (27) .
of the observed mutations affected any of them (Fig. 1) . Therefore, it can be concluded that the activity of the p6 promoter is probably identical in all the B19 virus isolates, independent of the clinical course of infection.
Creation of promoter constructs. To assay the activity of the complete p6 promoter, the region from nt 100 to 435 (referring to plasmid pYT103, construct p1/1 [ Fig. 1 and 2] ), derived from plasmid pJB, was used (27) . For the p38 promoter of MVM, the respective GC-rich elements had been shown previously to be important for transactivation via the MVM-specific NS1 protein (13) . To delete the GC boxes, the domain was shortened stepwise, beginning at the genomic 3Ј end, resulting in constructs p2/1, p3/1, and p4/1 (Fig. 2) . In order to analyze the influence of p6 promoter elements located downstream of the TATA box, constructs p1/3 and p1/2 were created (Fig. 2) . In this case, potential transcription factor binding sites located between the TATA box and the first AUG used for translation of the NS1 protein were deleted. The importance of the sequences surrounding the TATA box was assayed by using constructs p3/2 and p4/2 (Fig. 2) . p5/1 and p6/1 were created for fine-mapping of the NS1-responsive site.
By the overlap extension technique (12) , mutations were introduced into the sequences encoding potential binding sites for transcription factors in order to determine their individual influence on the promoter activity. In construct ptar/GATA (Fig. 3) , the trans-activating region (tar) and a potential GATA binding site were restored since these regions were deleted in plasmid pJB compared to the original B19 virus sequence (27) and to the virus isolates sequenced as described above. A similar tar identified in parvovirus H1 had been shown to serve as interaction site for the H1-specific NS1 protein (25) . ptar/ GATA served as a template for the construction of further mutant promoter sequences. In constructs pSp1, pSp2, pSp3, and pSp4, the four GC-rich boxes which had been identified were individually mutated (CCGCC to AAGAA [ Fig. 3]) . The mutation in pSp1 additionally affects one half-site of a c-Rel/ NF-B consensus site. Construct pSp34 represents a mutant destroying both GC boxes 3 and 4. pTATA lacks a functional TATA box (TATATA to GCGCGC). In construct pMix, a potential binding site for Ets and one half-site of a c-Rel/ NF-B consensus sequence were altered (GGAAGT to TCG CAG). The complete c-Rel/NF-B site was altered, combining the mutations of pSp1 and pMix; the resulting construct was termed pRel. In pSp34Rel, the tandem GC boxes neighboring the TATA box were mutated in addition to the c-Rel/NF-B site.
Activity of the p6 promoter in different cell lines in comparison to the SV40 promoter-enhancer. In order to analyze the activity of the complete p6 promoter of the B19 virus, construct p1/1, spanning nt 100 to 435 ( Fig. 1 and 2 ), was introduced into four cell lines (HeLa, CEM, BJAB, and K562). In parallel, plasmid pGL-3 Control containing the luciferase gene under control of the SV40 promoter-enhancer region was used. The activities of both viral promoters were determined by assaying the amount of luciferase produced in the cells and compared. The results are shown in Fig. 4 . In epithelial HeLa cells, the SV40 promoter turned out to be three to four times more active than the p6 promoter. However, the activity of the B19 virus promoter exceeded that of the SV40 promoter-enhancer by more than 25 times in K562 cells of hematopoietic origin. In the B-cell line BJAB and the T-cell line CEM, the B19 virusderived promoter was about 6 and 10 times stronger than the SV40 promoter-enhancer, respectively. These data show that the p6 promoter of parvovirus B19 is also highly active in human cells which generally do not allow productive replication.
Identification of p6 promoter sequence elements influenced by cell-specific factors. The various promoter constructs ( Fig.  2 and 3) were introduced into HeLa, BJAB, CEM, and K562 cells. After 2 days, the respective transcriptional activities were determined in at least three independent tests using luciferase assays. The results are shown in Fig. 5 and represent the respective values in relation to the activity of the wild-type B19 virus promoter, determined by the use of construct p1/1, whose activity was taken as 100%. Truncation of the promoter by the first 90 nt from the upstream direction (construct p2/1 [ Fig. 2] ) displayed similar effects in all cell lines: the activity of the p6 promoter was reduced to values between 50 and 80% of the wild-type activity. Further truncation of the promoter by 42 nt (construct p3/1 [ Fig. 2 and 5A]) had almost no additive effect when assayed in HeLa, BJAB, or K562 cells. However, a significant rise in promoter activity was observed in CEM cells when the same construct was used. When a further 59 nt were deleted (construct p4/1 [ Fig. 2]) , transcription was almost abolished in HeLa, BJAB, and K562 cells. In contrast, construct p4/1 retained more than 30% of promoter activity in CEM cells (Fig. 5A) . Deletion of segments located close to the translation start site was possible without any loss in promoter activity in all cell lines tested, as shown by construct p1/3 ( Fig. 2 and 5A ). Fragment p1/2, however, which lacked further elements between the TATA box and the translation start site including the putative B19 virus transcription start site, reduced promoter activity in HeLa cells to 50% of the wild type. In the other cell lines, the effect was not as pronounced (reduction to about 80%). Construct p3/2, however, reduced activity to 50% compared to that of plasmid p3/1 ( the full p6 activity in CEM cells and about 70 to 80% activity in BJAB cells.
The promoter activity displayed by the construct ptar/GATA ( Fig. 3 and 5B) was similar to that of the B19 wild-type virus in BJAB, HeLa, and K562 cells; a small increase could be measured only in CEM cells. Identical results were obtained with construct pMix (Fig. 3 and 5B). Mutation of the most upstream GC box (construct pSp1) revealed that the influence of this cis-acting element was significantly different in the four cell lines: promoter activity was unaffected in CEM and K562 cells but was reduced by 40% in both HeLa and BJAB cells. The mutation of the second GC box (construct pSp2 [ Fig. 3] ) had no effect in either cell line (Fig. 5B) . In contrast, promoter activity was reduced in HeLa and BJAB cells, but not in CEM and K562 cells, when construct pSp3, in which the third of the GC-rich elements was altered, was used. The mutation of the fourth GC box (construct pSp4) had a negative effect on promoter strength in all cell lines tested ( Fig. 3 and 5B). When the double mutation of the third and fourth GC boxes as represented by construct pSp34 (Fig. 3) was introduced into CEM cells, promoter activity was similar to that of pSp4, in contrast to the other cell lines, in which a further reduction could be observed. The mutation of the TATA box (construct pTATA) led to the loss of 50 to 80% of promoter activity in all cell lines (Fig. 5B) .
All these data indicate that irrespective of the fact that the p6 promoter is highly active in a variety of human cells, transcriptional activity of this promoter is subject to cell-typespecific influences. Alterations in the DNA elements spanning nt 190 to 233 were shown to be highly sensitive for the regulation via cellular transactivators.
Identification of NS1 protein-responsive DNA elements in the p6 promoter. The various p6 promoter-luciferase constructs were introduced into cell lines HeLa/NS-21 and HeLa/ pGRE, which had been treated with 10 Ϫ6 M dexamethasone 1 day prior to transfection in order to induce expression of NS1 protein. Luciferase expression was measured 2 days after transfection. HeLa/pGRE cells were used as a reference. The synthesis of NS1 protein in HeLa/NS-21 cells was confirmed by Western blotting and indirect immunofluorescence using an NS1-specific rabbit serum (30) . About 30% of the cells stained positive for NS1 production by indirect immunofluorescence (data not shown). When introduced into dexamethasone-induced and NS1 protein-producing HeLa/NS-21 cells, constructs which contained elements of the p6 promoter spanning nt 100 to 160 (p1/1, p1/2, p1/3, and p5/1 [ Fig. 2]) showed a significant increase in luciferase expression (up to 50 times [ Fig. 6]) . In cases where this region had been deleted (constructs p6/1, p2/1, p3/1, p4/1, p3/2, and p4/2 [ Fig. 2]) , enhancement of promoter activity was completely abolished (Fig. 6) . A reduction in transactivation of about 70% was detected when only the first 12 bases were deleted, as in construct p5/1 (Fig.  2) , on which an ATF/CREB site is located (Fig. 6) . When constructs pMix and pSp1 (Fig. 3) were introduced into HeLa/ NS-21 cells, transactivation mediated by NS1 protein was reduced to about one-third of that of the wild-type p6 promoter (Fig. 6) . The same amount of reduction was observed when construct pSp34, in which the third and fourth GC boxes had been altered, was used. In construct pRel, in which the complete NF-B/c-Rel-like site was altered, combining the mutations of pSp1 and pMix, enhancement of transcription by NS1 could be abolished almost completely (Fig. 6) . The same was true for construct pSp34Rel, in which both the third and fourth GC elements were mutated in addition to the NF-B/c-Rel site. ptar/GATA and pTATA were fully transactivatable by NS1, indicating that in contrast to the case for MVM, the tar homology element of parvovirus B19 is not responsive to NS1-mediated transactivation. These results indicate that in addition to elements located between nt 100 and 160, the sequences FIG. 5 . Comparison of the activities of the different wild-type (Fig. 2) (A) and mutant (Fig. 3) (B) p6 promoter constructs in cell lines HeLa, BJAB, CEM, and K562. Values are given in relation to that of construct p1/1, representing the unmodified p6 promoter, whose activity was arbitrarily set as 1 and whose standard deviation is therefore 0 .   FIG. 4 . Comparison of the promoter strength of the p6 promoter from parvovirus B19 to that of the promoter-enhancer of SV40 in four cell lines. The values were calculated by dividing the amount of luciferase activity (normalized against the internal R. reniformis standard) of the p6 promoter by that of the SV40 promoter-enhancer in each cell line. The activity of the SV40 promoterenhancer is therefore 1 in all cell lines tested.
spanning the promoter region of nt 233 to 298 are responsive to the transactivating effect of the NS1 protein.
DISCUSSION
The fact that infections with human parvovirus B19 are associated with a wide range of different clinical manifestations indicates that the virus can enter additional target cells besides the erythroid progenitor cells which are known to be productively infected and destroyed during erythema infectiosum. Globoside has been identified as the receptor for virus attachment to the cell surface (5). This molecule, also known as blood group antigen P, is, however, present on the surfaces of a variety of other cells which are not permissive to productive B19 virus infection. These observations allow the conclusion that in addition to other factors, cell-type-specific factors possibly influence the activity of the p6 promoter and thus contribute to the ability to replicate preferentially in erythroid progenitor cells.
To check if B19 virus isolate-specific sequence variations are associated with clinical symptoms, e.g., persistent B19 virus infection, the promoter regions of different virus isolates were amplified by PCR and sequenced. The data show a high degree of conservation of this region, indicating that parvovirus B19 exhibits only a very low degree of sequence variability ( Fig. 1 and Table 1 ). This is in agreement with the results of other investigators who examined the coding sequences for the nonstructural and structural B19 virus proteins (10, 11) . The exchange of a single base at position 223 in 5 of the 11 B19 virus isolates sequenced suggests an increased variability at this position. This change was found exclusively in patients with B19 virus-associated arthritis, chronic anemia, and persistent infection. Therefore, it may be proposed that this mutation, which lies in the vicinity of an octamer consensus site, may be associated with a tendency to enhanced viral persistence. Since, however, only 11 isolates were sequenced, it is not possible to draw statistical conclusions from these results.
In a computer analysis, the p6 promoter showed a high content of potential binding sites for erythroid-cell-specific trans-activating factors (GATA and MZF) as well as a variety of lymphoid-cell-specific factors such as Octamer, c-Ets, c-Rel, or NF-B ( Fig. 1 and 2 ). This may be the basis for the enhanced transcriptional activity of the p6 promoter which we found in hematopoietic K562 cells in contrast to epithelial HeLa cells (Fig. 4) . The p6 promoter was also more active in erythroleukemic K562 cells, as in the lymphoid cell lines BJAB and CEM. In K562, BJAB, and CEM cells, the activity of the B19 virus promoter even exceeded that of the SV40 promoterenhancer region, which is known to be a highly active control element for transcription in eukaryotic cells. It was shown earlier that the combination of several cis-acting DNA elements contributes to the cell type specificity of transactivating elements (26) . Taking these results into account, the p6 promoter may indeed be important for viral cell tropism and specificity of replication in cell types in distinct stages of differentiation. Four conclusions can be made from this study. (i) The promoter regions which were identified to be relevant for transcription in the different cell lines were nt 100 to 190. When deleted, a loss of activity was found in all cell lines (Fig. 5A) . By use of footprint experiments, the promoter region spanning nt 137 to 156 had previously been shown to interact with proteins in HeLa and CEM cells (17) . (ii) DNA elements located in the region between nt 190 and 233 could be shown to mediate transcriptional repression in CEM cells (Fig. 5A) . However, in BJAB, HeLa, or K562 cells, the deletion of this region did not show any effect on the transcriptional activity of the p6 promoter. (iii) In contrast to those cell-specific regulation events, the region spanning nt 233 to 298 was essential for induction of transcription in all the cell lines tested. Liu and coworkers had identified nt 220 to 254 and 280 to 315 to be protected in both HeLa and CEM cells in DNA footprint assays (17) . Two YY1 binding sites, which are functionally active as shown by electrophoretic mobility shift assay and transfection assay, are located in this region (20) . (iv) We were able to show that the sequences between the TATA box and the translation start site are relevant for mRNA synthesis. nt 343 to 400 were important for effective transcription in HeLa and K562 cells. In contrast, sequences from nt 400 to the start site for NS1 translation at nt 435 appeared to be nonessential. The transcription rate was slightly enhanced when this 5Ј untranslated domain was deleted (Fig. 5A) .
The NS1 protein of parvovirus B19 is known to exert a variety of different functions during viral replication. Among other functions, the transactivation of the p6 promoter had been shown by Doerig and coworkers (9) . The fact that the transactivation assays were conducted only with HeLa cells, which are not the natural host cells for B19 virus replication in vivo, probably limits our results to a certain extent. Nevertheless, some of the sequences responsible for transactivation by the viral NS1 protein in those cells could be clearly identified. It could be shown that neither the TATA box nor the putative NS1 transactivating region, which has similarity to that of parvovirus H1, is responsible for the transactivation of the p6 promoter by the NS1 protein. The sequence elements absolutely necessary for the transactivator function of the NS1 protein obviously lie within the region spanning nt 100 to 160 of the p6 promoter (Fig. 1) . Loss of the first 12 bp, which contains an ATF/CREB consensus site, led to a reduction of transactivatability to only 30% of that of the wild-type promoter. Until now, direct interactions between the NS1 protein and DNA could not be shown for parvovirus B19. Therefore, it has to be assumed that the NS1 protein exerts its action not by binding to the DNA itself, but rather by interacting with transactivators, transcription or accessory factors bound to the nucleic acid. It has been shown that the NS1 protein of parvovirus B19 is able to transactivate the long terminal repeat promoter of human immunodeficiency virus type 1 only in combination with the Tat protein of human immunodeficiency virus (28) . Recently, Moffatt and coworkers reported that the transactivation of the interleukin-6 promoter by the NS1 protein of parvovirus B19 is almost completely abolished by deletion of an NF-B site (19) . A sequence element similar to the NF-B site is also present within the region shown to be important for NS1-specific transactivation of the p6 promoter: 5Ј-CCGGAA GTCCCGCC-3Ј (nt 141 to 155). After mutation of either half of this element, transcriptional activation by the NS1 protein could be reduced to about 30% compared to that of the wildtype p6 promoter. Enhancement of transcription by NS1 transactivation was abolished almost completely by mutation of the complete NF-B/Rel-like site. The 3Ј half of this element resembles a consensus site for the transcription factor Sp1. According to Liu and coworkers, it is probably not Sp1 that binds to this site, since they found that the complete NF-B consensus site was protected in footprint experiments and therefore complexed with protein (17) . Transactivation by NS1 was also significantly reduced by the double mutation of both GC boxes arranged in tandem in proximity to the TATA box.
These results suggest that transcriptional enhancement mediated by the NS1 protein involves a complex of individually DNA-binding proteins, which are bridged by the nonstructural B19 virus protein. Thus, a model for the transactivating function of the NS1 protein which is similar to that of the Tax proteins of human T-cell leukemia virus may be proposed (Fig.  7) . Tax protein exerts its transactivating action by binding to c-Rel and bridging between other factors, such as Sp1 and Ets (29) . Likewise, NS1 activation seems to be dependent on proteins that bind at or near consensus sites for ATF/CREB, NF-B/Rel, and distant GC boxes, which are arranged in tandem in the vicinity of the TATA box. The DNA segment in between could easily be looped out. In this way, the NS1 protein may bridge the distant promoter sites in the form of a monomer or an oligomer.
